Background
==========

Acute respiratory distress syndrome (ARDS) is an acute respiratory failure syndrome caused by severe infection, shock, trauma, and other conditions, characterized by progressive respiratory distress and refractory hypoxia in clinical patients \[[@b1-medscimonit-24-6200],[@b2-medscimonit-24-6200]\]. Diffuse pulmonary interstitial and alveolar edema caused by alveolar capillary endothelial cells and alveolar epithelial cells are the main pathological changes of ARDS \[[@b3-medscimonit-24-6200]\]. The inflammatory cytokines networks, as well as the interaction of inflammation, coagulation, and fibrinolysis pathways, are involved in the development of ARDS \[[@b4-medscimonit-24-6200],[@b5-medscimonit-24-6200]\]. Excessive inflammatory reaction caused by alveolar epithelial cells and capillary endothelial cell injury is the main mechanism of ARDS pathogenesis \[[@b6-medscimonit-24-6200]\].

A series of systemic inflammations caused by infection is the main cause of ARDS, among which the endotoxemia caused by Gram-negative bacterial infection accounts for the most of the infection factors in ARDS. Lipopolysaccharide (LPS) is the main component of endotoxin \[[@b7-medscimonit-24-6200]\]; it is a strong injury factor, which can activate macrophages after entering the body and promote the production of TNF-α, IL-6, IL-1β, and IL-8 \[[@b8-medscimonit-24-6200]\]. Persistent elevation of pro-inflammatory cytokines in ARDS is associated with poor patient outcomes \[[@b9-medscimonit-24-6200]\]. Recently, the critical role of lung cell apoptosis has been evaluated in ARDS. In microenvironments in which frequent apoptosis occurs in alveolar epithelial cells and capillary endothelial cells, decreasing apoptosis of alveolar wall cells might be of benefit for the suppression of lung tissue damage and could be a key element in the treatment of patients with ARDS \[[@b10-medscimonit-24-6200],[@b11-medscimonit-24-6200]\].

Peroxisome proliferator-activated receptor-γ (PPARγ) is a member of the nuclear hormone receptor superfamily and rosiglitazone is its specific agonist. Research shows that PPARγ receptor agonists (rosiglitazone) can reduce the inflammatory response of sepsis, prevent cell damage, and protect the body \[[@b12-medscimonit-24-6200],[@b13-medscimonit-24-6200]\]. The main mechanism of PPARs protection in sepsis is by protecting mitochondrial function in the metabolism of ATP from damage through 3 subtypes (PPAR-α, PPAR-β, and PPAR-γ), inhibiting inflammatory reaction \[[@b14-medscimonit-24-6200],[@b15-medscimonit-24-6200]\]. Liu et al. demonstrated an anti-inflammatory role for rosiglitazone during lung injury when animals were pretreated with rosiglitazone prior to the induction of lung injury \[[@b16-medscimonit-24-6200]\]. This anti-inflammatory and protective role for rosiglitazone was also shown in a model of pancreatitis-associated lung injury \[[@b17-medscimonit-24-6200]\].

In order to evaluate the effect of the PPAR-γ agonist rosiglitazone in preventing lung cell damage, we generated LPS-induced ARDS in HUVECs and analyzed cell patterns, including apoptosis, inflammation, and signaling transduction. The results suggest it is a novel therapeutic target of PPAR-γ to treat ARDS in human.

Material and Methods
====================

Cell culture and treatment
--------------------------

Human umbilical vein endothelial cells (HUVECs) were purchased from Sanko Junyaku Co. (Tokyo, Japan) and grown at 37°C in 5% CO~2~ in DMEM with 10% FBS, penicillin (100 U/ml), and streptomycin (100 U) supplement. HUVECs (5×10^3^ cell/well) were incubated at 37°C in a 5% CO~2~ incubator overnight in 96-well plates. Then, cells were treated with 1 μg/ml LPS in the absence or presence of PPARγ agonist rosiglitazone (10 μM; Selleck, Houston, TX, USA) for 24 h.

Cell viability assay
--------------------

Cell viability was determined using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as described previously \[[@b18-medscimonit-24-6200]\]. HUVECs were treated with 1 μg/ml LPS in the absence or presence of rosiglitazone (10 μM) for 0, 24, 48, or 72 h and cultured in new medium containing 0.5 mg/ml MTT for a further 3 h. The blue formazan products in HUVECs were dissolved in DMSO and spectrophotometrically measured at a wavelength of 550 nm.

Flow cytometry assay
--------------------

HUVECs were treated with 1 μg/ml LPS in the absence or presence of rosiglitazone (10 μM) for 24 h and collected for cell apoptosis and reactive oxygen species (ROS) assay. Annexin-V fluorescein isothiocyanate (FITC)/propidium iodide (PI) double-staining assays (Biovision, Inc, Mountain View, CA, USA) were performed, according to the manufacturer's protocol. Briefly, at 24 h after treatment, the cells were collected and resuspended in 500 μl binding buffer containing 5 μl annexin-V/FITC and 5 μl PI, and subsequently incubated for 5 min in the dark at room temperature. Analysis was immediately performed using a flow cytometer (BD Biosciences, San Diego, CA, USA). After the cells were treated as indicated, 10 μM DCFH-DA was added according to the manufacturer's protocol, and fluorescence intensity indicating ROS content was measured using flow cytometry.

ELISA
-----

The experimental procedure was performed using an ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer's instructions. HUVECs were treated with 1 μg/ml LPS in the absence or presence of rosiglitazone (10 μM) for 24 h. Cultured supernatants were collected and subjected to ELISA for measurement of TNF-α, IL-6, CXCL12, and CXCR4.

Real-time PCR assay
-------------------

Total RNA was prepared from the tissue samples or breast cancer cell lines by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized from total RNA with the M-MLV reverse transcriptase (Promega, Madison, WI, USA) following the manufacturer's manual. Quantitative real-time PCR was performed using the SYBR Green mix (Thermo Fisher Scientific) on the ABI Prism 7300 sequence detection system (Applied Biosystems, Foster City, CA, USA). Primer sequences used were as follows:

1.  CXCL12, 5′-TTCCCAATTCACATCTAACC-3′

2.  and 5′-TCACATAGCACATTGTTCTC-3′;

3.  CXCR4, 5′-ACAGTCAGAGGCCAAGGAAG-3′

4.  and 5′-GGAACACAACCACCCACAAG-3′;

5.  GAPDH, 5′-CACCCACTCCTCCACCTTTG-3′

6.  and 5′-CCACCACCCTGTTGCTGTAG-3′.

Relative quantification of the signals was performed by normalizing the signals of different genes with that of GAPDH. The gene expression was calculated using the 2^−ΔΔCT^ method.

Western blotting
----------------

After being fully lysed, cells were centrifuged at 12 000 rpm for 15 min at 4°C and the supernatant was collected. BCA protein quantification kit (BCA, thermo, Shanghai) was used to quantify the protein contents. Then, cell samples (15 μl) were run on 12% SDS-PAGE gel and transferred to a nitrocellulose filter membrane (Millipore, Shanghai, China) electrophoretically. Blots were blocked with 5% skim milk at room temperature for 1 h, followed by incubation with primary antibodies against CXCL12 (cat. no., ab155090; dilution, 1: 8000; Abcam, Cambridge, MA, USA), CXCR4 (cat. no., ab124824; dilution, 1: 100; Abcam), PPARγ (cat. no., ab191407; dilution, 1: 1000; Abcam), Bcl-2 (cat. no., Sc-492; dilution, 1: 300; Santa Cruz Biotechnology, Dallas, TX, USA), Bax (cat. no., Sc-493; dilution, 1: 300; Santa Cruz Biotechnology), p-JAK2 (cat. no., ab108596; dilution, 1: 500; Abcam), JAK2 (cat. no., ab195055; dilution, 1: 1000; Abcam), p-STAT3 (cat. no., ab30647; dilution, 1: 1000; Abcam), STAT3 (cat. no., ab68153; dilution, 1: 2000; Abcam), and GAPDH (cat. no. 5174; dilution, 1: 2000; Cell Signaling Technology, Inc., Danvers, MA, USA). After incubation with HRP-linked secondary antibodies (cat. no. A0208 and A0216; 1: 1000; Beyotime Institute of Biotechnology, Haimen, China) for 1 h at 37°C, blots were detected using the Clarity Western ECL kit (Bio-Rad Laboratories Inc., Richmond, CA, USA). Band intensities were quantified by using ImageJ software.

Statistical analysis
--------------------

All analyses were done by *t* test, unless stated otherwise. Data are presented as mean ±S.D. Statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Differences were considered significant when P value was less than 0.05.

Results
=======

Cytotoxicity of LPS to HUVECs
-----------------------------

Cell viability was assayed to evaluate the cytotoxicity of LPS to HUVECs. Treatment of HUVECs with 1 μg/ml LPS for 24, 48, and 72 h significantly inhibited the cell viability by 15.7%, 31.2%, and 49.3%, respectively (*P*\<0.01; [Figure 1](#f1-medscimonit-24-6200){ref-type="fig"}). However, rosiglitazone treatment at a concentration of 10 μM, in addition to LPS stimulation for 24, 48, and 72 h, markedly increased cell viability of HUVECs by 4.7%, 22.7%, and 44.1%, respectively (*P*\<0.05, *P*\<0.01; [Figure 1](#f1-medscimonit-24-6200){ref-type="fig"}). These results suggest that rosiglitazone reduces LPS-induced decrease in cell viability of HUVECs.

Induction of apoptosis and ROS production by LPS in HUVECs
----------------------------------------------------------

To determine the effects of LPS on cell apoptosis and ROS release, flow cytometry analysis was carried out. Exposure to 1 μg/ml LPS for 24 h obviously increased the number of apoptotic cells in HUVECs by 7.4-fold, and 10 μM rosiglitazone treatment attenuated the increase by 62.2% (*P*\<0.01; [Figure 2A, 2B](#f2-medscimonit-24-6200){ref-type="fig"}). Exposure to 1 μg/ml LPS for 24 h obviously increased the content of ROS in HUVECs by 3.5-fold, and 10-μM rosiglitazone treatment attenuated the increase by 45.9% (*P*\<0.01; [Figure 2C, 2D](#f2-medscimonit-24-6200){ref-type="fig"}). These results indicate that rosiglitazone reduces LPS-induced increases in cell apoptosis and ROS production of HUVECs.

Induction of pro-inflammatory cytokine secretion by LPS in HUVECs
-----------------------------------------------------------------

To determine the effects of LPS on inflammation, the contents of pro-inflammatory cytokines, including TNF-α, IL-6, CXCL12, and CXCR4, were analyzed by ELISA, real-time PCR, and Western blotting. ELISA showed that the concentration of TNF-α, IL-6, CXCL12, and CXCR4 was significantly increased by 2.5-, 1.9-, 1.5-, and 1.8-fold, respectively, in HUVECs in response to 1 μg/ml LPS for 24 h, and 10 μM rosiglitazone treatment attenuated the increase of TNF-α, IL-6, CXCL12, and CXCR4 concentration by 34.9%, 27.0%, 40.1%, and 41.6%, respectively (*P*\<0.01; [Figure 3A--3D](#f3-medscimonit-24-6200){ref-type="fig"}). Using real-time PCR and Western blotting assay, similar results were also obtained (*P*\<0.01; [Figure 3E, 3F](#f3-medscimonit-24-6200){ref-type="fig"}). These results demonstrate that rosiglitazone reduces LPS-induced increases in TNF-α, IL-6, CXCL12, and CXCR4 content in HUVECs.

Induction of JAK2/STAT3 activation by LPS in HUVECs
---------------------------------------------------

Effects of LPS on the phosphorylation of JAK2 and STAT3 were determined to evaluate the signal-transducing mechanisms of apoptosis and inflammation. Exposure of HUVECs to 1 μg/ml LPS for 3 h obviously increased the levels of phosphorylated JAK2 and STAT3 ([Figure 4A](#f4-medscimonit-24-6200){ref-type="fig"}). Levels of phosphorylated JAK2 and STAT3 in HUVECs were increased by 4.9- and 2.8-fold, respectively, and 10-μM rosiglitazone treatment attenuated the increase by 34.2% and 38.9%, respectively (*P*\<0.01). These results suggest that rosiglitazone reduces LPS-induced activation of JAK2/STAT3 in HUVECs.

Reduction of PPARγ and Bcl-2/Bax ratio by LPS in HUVECs
-------------------------------------------------------

To evaluate the downstream events of LPS-involved JAK2/STAT3 activation, the expression of Bcl-2, Bax, and PPARγ was immunodetected ([Figure 4B](#f4-medscimonit-24-6200){ref-type="fig"}). Exposure of HUVECs to 1 μg/ml LPS for 24 h decreased the levels of PPARγ and Bcl-2 by 43.8% and 55.1%, respectively, but increased the level of Bax by 4.3-fold, and 10-μM rosiglitazone treatment increased the levels of PPARγ and Bcl-2 by 1.4- and 0.45-fold, respectively, and decreased the level of Bax by 40.4% (*P*\<0.01). These results indicate that rosiglitazone inhibits LPS-induced reduction of PPARγ and Bcl-2/Bax ratio in HUVECs.

Discussion
==========

The main pulmonary issue in ARDS is failure of the semipermeable endothelial barrier between blood and interstitial spaces, leading to increased endothelial permeability with interstitial and later alveolar edema \[[@b19-medscimonit-24-6200]\]. Microvascular endothelial cells play an important role in the disruption of the blood vessel barrier, leading to the release of pro-inflammatory cytokines \[[@b20-medscimonit-24-6200]\]. Similar to results of a previous study \[[@b21-medscimonit-24-6200]\], HUVECs, which served as a model for the macrovasculature, were treated with LPS as a suitable *in vitro* ARDS model. The present study investigated the mechanism by which the PPARγ agonist rosiglitazone suppresses damage to HUVECs. Rosiglitazone treatment protected HUVECs from LPS-induced cell apoptosis, ROS production, and inflammatory cytokine releases, as well as signaling transduction.

Increased cell viability, decreased cell apoptosis, and ROS production in HUVECs were demonstrated by rosiglitazone treatment in addition to stimulation with LPS. The present results of the anti-apoptotic and inhibitory effects of rosiglitazone on ROS production are in line with previous studies. Rosiglitazone protects human neuroblastoma SH-SY5Y cells against MPP+ -induced cytotoxicity via inhibition of mitochondrial dysfunction and ROS production \[[@b22-medscimonit-24-6200]\]. Rosiglitazone promotes TNF-related apoptosis-inducing ligand-induced apoptosis by ROS-mediated upregulation of death receptor 5 and downregulation of c-FLIP \[[@b23-medscimonit-24-6200]\]. Rosiglitazone and PPARγ overexpression protect mitochondrial membrane potential and prevent apoptosis by upregulating anti-apoptotic Bcl-2 family proteins \[[@b24-medscimonit-24-6200]\]. Similarly, the present study demonstrated that treatment of HUVECs with rosiglitazone significantly inhibited LPS-induced increase in the ratio of Bax/Bcl-2 protein expression. LPS can potentially be human pathogens. Sharifi et al. \[[@b25-medscimonit-24-6200]\], studying the effect of LPS on cytotoxicity and apoptosis in PC12 neuronal cells, showed that LPS can cause PC12 cell death, in which apoptosis plays an important role, possibly by the mitochondrial pathway through higher expression of Bax and caspase 3 protein, while the expression of Bcl-2 protein was not changed significantly.

Moreover, several studies have demonstrated the anti-inflammatory potential of rosiglitazone *in vitro* \[[@b26-medscimonit-24-6200]\] and *in vivo* \[[@b27-medscimonit-24-6200]\]. The clinical prognosis of ARDS correlates with the extent of the intra-alveolar inflammation that survive ARDS demonstrate reduced levels of inflammatory cytokines compared to nonsurvivors \[[@b28-medscimonit-24-6200]\]. In the present study, we found that rosiglitazone significantly decreased the levels of TNF-α, IL-6, CXCL12, and CXCR4 in LPS-induced HUVECs, consistent with our findings that pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 were found arise in the early phase of inflammation and play a crucial role in ARDS \[[@b29-medscimonit-24-6200]\]. The chemokine CXCL12 binds to the chemokine receptor CXCR4 and the CXCL12-CXCR4 interaction may contribute to augmentation of inflammation \[[@b30-medscimonit-24-6200]\] and is associated with the pathological development of acute inflammation after pulmonary fibrosis \[[@b31-medscimonit-24-6200]\].

The JAK (Janus kinase)/STAT (signal transducer and activator of transcription) cascade is an essential inflammatory signaling pathway that mediates the immune responses. Previous studies demonstrated that JAK2/STAT3 activation mediated IL-6 and TGF-β1 expression in pancreatic inflammation \[[@b32-medscimonit-24-6200]\] and inhibition of IL-6 and TNF-α-induced JAK2/STAT3 activation protects the lungs against severe acute pancreatitis-associated acute lung injury \[[@b33-medscimonit-24-6200]\]. STAT3 phosphorylation was increased by CXCL12 stimulation, which involved interactions between CXCR4 and JAK2 in small cell lung cancer cells \[[@b34-medscimonit-24-6200]\]. In addition, inhibition of JAK2/STAT3 pathways attenuated lung damage through decreasing apoptotic cells in limb I/R-induced acute lung injury \[[@b35-medscimonit-24-6200]\]. In the present study, we also found that LPS significantly induced JAK2/STAT3 activation and rosiglitazone inhibited LPS-induced JAK2/STAT3 activation in HUVECs.

Conclusions
===========

In conclusion, the present study demonstrated that *in vitro* PPARγ was involved in the pathogenesis of ARDS. Downregulation of the LPS-mediated JAK2/STAT3 signaling cascade attenuated cell apoptosis and inflammatory responses. Further elucidation of the molecular mechanisms underlying ARDS will be crucial for the development of novel treatments in the future.
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![Rosiglitazone inhibited LPS-induced cell viability reduction in HUVECs. HUVECs were treated with 1 μg/ml LPS in the absence or presence of rosiglitazone (10 μM) for 0, 24, 48, or 72 h. Cell viability was measured by MTT assay.](medscimonit-24-6200-g001){#f1-medscimonit-24-6200}

![Rosiglitazone inhibited LPS-induced cell apoptosis and ROS production in HUVECs. HUVECs were treated with 1 μg/ml LPS in the absence or presence of rosiglitazone (10 μM) for 24 h. Cell apoptosis (**A, B**) and ROS production (**C, D**) were measured by flow cytometry. \*\* *P*\<0.01 compared with control; ^\#\#^ P\<0.01 compared with LPS.](medscimonit-24-6200-g002){#f2-medscimonit-24-6200}

![Rosiglitazone inhibited LPS-induced pro-inflammatory cytokine levels in HUVECs. HUVECs were treated with 1 μg/ml LPS in the absence or presence of rosiglitazone (10 μM) for 24 h. Contents of pro-inflammatory cytokine, including TNF-α (**A**), IL-6 (**B**), CXCL12 (**C**), and CXCR4 (**D**), were measured by ELISA. Expression of CXCL12 and CXCR4 was also measured by real-time PCR (E) and Western blot assay (F). \*\* *P*\<0.01 compared with control; ^\#\#^ *P*\<0.01 compared with LPS.](medscimonit-24-6200-g003){#f3-medscimonit-24-6200}

![Rosiglitazone inhibited LPS-induced JAK2/STAT3 activation and the expression of Bax/Bcl-2 in HUVECs. HUVECs were treated with 1 μg/ml LPS in the absence or presence of rosiglitazone (10 μM) for 3 or 24 h. Protein expression of p-JAK2, JAK2, p-STAT3, and STAT3 was measured by Western blot assay (**A**). Protein expression of PPARγ, Bcl-2, and Bax was also measured by Western blot assay (**B**). \*\* *P*\<0.01 compared with control; ^\#\#^ *P*\<0.01 compared with LPS.](medscimonit-24-6200-g004){#f4-medscimonit-24-6200}
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